M alaria, the infectious disease caused by Plasmodium spp., still remains the most devastating illness in tropical countries, mainly in Sub-Saharan Africa. The disease is also important in Asia and Latin America, resulting in 350 -500 million clinical cases and more than 1 million deaths every year, mostly affecting children under 5 years of age (1) . The asexual blood stage of the parasite is responsible for the pathology and morbidity caused by the infection and, consequently, has been the focus of many studies concerning protective immunity. Among murine parasites adopted to analyze the immune response against malaria, the infection with Plasmodium chabaudi has been shown to be of great value, being considered a suitable model for the human disease caused by Plasmodium falciparum (2) .
During the acute infection by blood-stage P. chabaudi, there is prominent polyclonal lymphocyte activation, with intense proliferation of T and B spleen cells (3) (4) (5) . This initial immune response is characterized by production of type 1 effector molecules, such as IFN-␥, TNF-␣, and IgG2a (3, 6 -8) . As the disease progresses, a large fraction of these activated lymphocytes is eliminated by apoptosis (9, 10) , and the subsequent development of a specific T and B cell response results in parasite clearance and protection against reinfection. CD4 ␣␤ T cells are thought to be essential for the establishment of protective immunity to P. chabaudi (11) (12) (13) (14) , where this may also hold true for humans, since these cells are critically required for helping B cells to produce specific IgG Abs.
Despite the intense initial immune response to the parasite, it is believed that naturally acquired human immunity to malaria is in some way defective or short-lived, in that multiple infections are necessary to generate clinical protection, while chronic infection with low parasitemia is common in the population living in endemic areas, and immunity is lost (or becomes less effective) when a previously immune person moves away from an endemic area (15) . However, there is only limited data on the mechanisms underlying the development of T and B cell memory to malaria and therefore the real reason why infected individuals have difficulty in generating and maintaining a protective response has yet to be fully elucidated (16, 17) . One of the hypotheses created to explain this difficulty is related to the intense apoptosis observed during the acute infection (18 -21) .
There is thus great interest in evaluating the immunological mechanisms involved in the development of long-term protective immunity to malaria and the consequences of high and low acute phase parasite loads in this process, an issue that has also been considered of major relevance for establishing the immunization protocols in vaccine preclinical trials (22) . In view of this, we have performed a detailed analysis of the T and B cell compartments over an extensive period of time after untreated and drug-treated P. chabaudi malaria. This study covered the chronic phase and the period after disease remission, which occurs between 2.5 and 3 mo after primary infection (23) . Our data indicated that the progressive decline in the memory T cell response to parasites and not in the serum levels of specific IgG Abs, which occurs in untreated and drugtreated mice with time after infection, is responsible for the loss of full protective immunity to P. chabaudi malaria. The major role of CD4 ϩ T cells for ensuring long-term full protection against P. chabaudi malaria was also confirmed by adoptive transfer experiments.
Materials and Methods

Mice, parasites, infection, and chloroquine treatment
Six-to 8-wk-old C57BL/6, CD28
Ϫ/Ϫ (C57BL/6) (24) (originally from The Jackson Laboratory) female mice were bred under specific pathogen-free conditions at the Isogenic Mice Facility (Instituto de Ciências Biomédicas/Universidade de São Paulo, São Paulo, Brazil). P. chabaudi AS was maintained as previously described (14) . To obtain untreated and drug-treated groups, mice were inoculated i.p. with 10 6 parasitized RBC (PRBC). 3 Drug-treated mice were treated i.p. with two subsequent noncurative doses of chloroquine (10 mg/kg body weight/day; Sigma-Aldrich) dissolved in 200 l of PBS, whenever parasitemia reached 1% of erythrocytes. Untreated and drug-treated mice were challenged i.p. with 10 8 PRBC at days 20, 60, 120, and 200 postinfection (p.i.). To obtain a late isolate of the parasite, naive mice were inoculated with blood samples from drug-treated mice at day 25 p.i. and PRBC taken during the ascending parasitemia. Late parasite isolate was used to challenge 200-day infected mice. CD28
Ϫ/Ϫ mice were infected i.p. with 10 6 PRBC and, 5 wk later, were treated i.p. with 10 subsequent doses of chloroquine (10 mg/kg/ body weight per day). After 72 h, these mice were challenged i.p. with 10 8 PRBC. Parasitemias were monitored by microscopic examination of Giemsastained thin tail blood smears.
Spleen cell suspension
Spleen cells were washed and maintained in cold RPMI 1640 supplemented with penicillin (100 U/ml), streptomycin (100 g/ml), 2-ME (50 M), L-glutamine (2 mM), sodium pyruvate (1 mM), and 3% heat-inactivated FCS. For proliferation assays, cells were cultured in complete medium with 10% of FCS. All supplements were purchased from Life Technologies. The numbers of cells per spleen were counted with a Newbauer chamber (Sigma-Aldrich).
Phenotypic analysis of spleen cells
Spleen cells (10 6 ) were stained with FITC-, PE-, CyChrome (Cy)-labeled or purified mAbs to CD4 (H129.19 or GK1.5), CD8 (53-6.7), CD11b (M1/ 70), CD11c (HL3), CD45R-B220 (RA3-6B2), CD69 (H1.2F3), CD45RB (16A), and CD62L (MEL-14) from BD Pharmingen. For staining with purified Abs, a further incubation with polyclonal anti-rat Ig conjugated to PE (BD Pharmingen) was performed. To detect surface IgG, cells were incubated with goat anti-mouse IgG-biotinylated Abs (Southern Biotechnology Associates) followed by FITC-or Cy-streptavidin conjugate (BD Pharmingen). To analyze the percentage of apoptotic cells, splenocytes (10 6 ) were incubated in labeling buffer (10 mM HEPES-NaOH (pH 7.4), 140 mM NaCl, and 5 mM CaCl 2 ) with FITC-conjugated annexin V (BD Pharmingen) and Cy-or PE-labeled mAbs to CD4 and CD8. Stained cells were analyzed by flow cytometry using a FACSCalibur with CellQuest software (BD Biosciences).
Parasite-specific ELISA
Anti-P. chabaudi Abs were quantified by ELISA as previously described (25) . In brief, 96-well flat-bottom microtest plates (Costar) were coated overnight (4 o C) with a total P. chabaudi extract (8 g/ml). Plates were saturated with 1% BSA for 1 h. After washing, 100 l of mouse serum samples (diluted 1/50) were added and left for 90 min at room temperature. Assays were developed by adding goat anti-mouse IgG1 or IgG2a peroxidase-conjugated Abs (Southern Biotechnology Associates) for 1 h. After washing, 100 l of tetramethylbenzidine (Zymed) was added to each well and 15 min later the absorbance values were quantified by a Spectra Max 190 spectrophotometer (Molecular Devices) with a 650-nm wavelength filter. The Ab level in each serum sample was expressed by the reciprocal of end point titer, which was defined as the lowest dilution that gives the background OD (26) .
Serum Ab recognition of PRBC
To assess Abs recognizing parasite Ags expressed on the erythrocyte membrane, freshly isolated blood was obtained from the tail vein of infected mice (ϳ30% of parasitemia) at the time of schizogony. For Abs recognizing intraerythrocytic Ags, blood cells were fixed with 0.025% glutaraldehyde (Sigma-Aldrich), permeabilized with 0.25% Triton X-100 (Boehringer Mannheim), and stained with 4 nM YOYO-1 (Molecular Probes) as previously described (27) . Normal RBC (NRBC) were used as controls. Intact and permeabilized erythrocytes were incubated with serum samples (diluted from 1/100 to 1/1600) followed by rat anti-mouse IgG2a-biotinylated Abs and PEor Cy-streptavidin conjugate. Stained cells were analyzed by flow cytometry.
Purification of cell subpopulations
All cell subpopulations were purified from freshly isolated spleen cell suspensions with magnetic microbeads (MACS; Miltenyi Biotec). To obtain T cells and APCs, splenocytes were incubated with PE-labeled mAbs to CD45R-B220, CD11b, and CD11c and with anti-PE microbeads diluted in phosphate PBS/0.5% BSA/2 mM EDTA (Invitrogen). Cells were then sorted using LS columns (Midi MACS; Miltenyi Biotec). The positive fraction showed Ͼ82% APCs (CD45R ϩ , CD11b ϩ , and CD11c ϩ cells), whereas the negative fraction showed Ͼ92% T cells (CD4 ϩ and CD8 ϩ cells). B cells were purified by a similar procedure through positive selection with microbeads coupled to anti-CD19 mAbs and showed Ͼ95% purity (CD19 ϩ CD45R ϩ cells). To obtain spleen CD4 Ϫ cells, negative selection with PE-labeled mAbs to CD4 followed by anti-PE microbeads was performed, yielding Ͻ3% CD4 ϩ cells.
CFSE proliferation assay
The proliferative T cell response to parasite was measured as previously described (28) . Briefly, 6 ϫ 10 6 cells/ml resuspended in PBS with 0.1% BSA were incubated with CFSE (Molecular Probes) at a final concentration of 5 M for 20 min at 37°C. Cells (10 6 ) were then cultured in 96-well plates (Costar) with PRBC (3 ϫ 10 6 ) or medium alone, for 72 h, at 37 o C in a 5% CO 2 atmosphere. In purified T cell cultures, APCs were added at the proportion of 1/1. After incubation, cells were stained with PE-or Cy-labeled mAb to CD4 and analyzed by flow cytometry.
Multicytokine assessment
IFN-␥, TNF-␣, IL-2, IL-4, and IL-5 were quantified simultaneously by the cytometric bead array (BD Pharmingen) in supernatants obtained from the same cultures used in the CSFE proliferation assay. This technique uses flow cytometry to measure soluble analytes in a particle-based immunoassay and was conducted according to the manufacturer's instructions. The lower limit of detection for all cytokines in this assay was 20 pg/ml.
Adoptive cell transfers
CD28
Ϫ/Ϫ mice received 20 ϫ 10 6 of purified B cells, or equivalent numbers of B cells in total and CD4 Ϫ cell suspensions, obtained from drugtreated and untreated C57BL/6 mice at day 200 of infection. These mice were infected with 10 6 PRBC on the same day of transference.
Statistical analysis
Statistical analysis was generally performed with ANOVA and Tukey's multiple comparison test. The GraphPad Prism 4 software was used and differences between the three groups were considered significant when the p Ͻ 0.05 (5%).
Results
Experimental design and parasitemia in groups of mice subjected to untreated and drug-treated P. chabaudi malaria
To evaluate T and B cell memory in experimental conditions of low and high acute phase parasite loads, C57BL/6 mice were infected i.p. with 10 6 PRBC where half of the animals were treated with two subsequent noncurative doses of chloroquine whenever parasitemia reached 1% of erythrocytes. The different parasitemia of untreated and drug-treated mice is shown in Fig. 1A . At days 20, 60, 120, and 200 p.i., three to five mice from each group were challenged with 10 8 PRBC and sacrificed 15 days later for experimental analysis (Fig. 1B) . Noninfected mice challenged with 10 8 PRBC were used as controls. Age-matched unchallenged mice from all groups were also evaluated.
T and B cell populations in the spleen at different times after untreated and drug-treated P. chabaudi malaria
To evaluate the effects of low and high parasitemias on T cell activation and apoptosis during the early infection, the surface expression of CD69 and externalized phosphatidylserine was determined at day 7 p.i. in CD4 ϩ and CD8 ϩ cells from the spleen of C57BL/6 mice. As shown in Fig. 2A , the expression of CD69 and annexin V binding sites was significantly reduced in CD4 ϩ cells from drug-treated mice compared with untreated mice ( p Ͻ 0.01). Similar results were obtained for the CD8 ϩ cell population with percentages of CD69 ϩ and annexin V ϩ cells of 7.4 Ϯ 1.1 and 10.3 Ϯ 1.4 in control mice, 37.6 Ϯ 3.2 and 20.1 Ϯ 1.6 in untreated mice, and 13.1 Ϯ 1.6 and 11.5 Ϯ 1.9 in drug-treated mice, respectively (data not shown; p Ͻ 0.01, for untreated mice compared with control or drug-treated mice). Corroborating the notion that T cells from mice suffering from acute malaria are strongly activated and undergo apoptosis, the numbers of CD4 ϩ cells per spleen at day 20 p.i. were more than two times higher in drug-treated mice compared with untreated mice (Fig. 2B) . At day 60 p.i., however, CD4 ϩ cell numbers in untreated mice showed a substantial Analysis of CD4 ϩ CD62L low and CD45R ϩ IgG ϩ cells, which represent experienced/memory cell subsets, reinforced the idea that differences in spleen lymphocyte populations of untreated and drug-treated mice were limited to the early T cell response (Fig.  2C ). The elevated incidence of CD4 ϩ CD62L low cells in untreated mice at day 20 p.i. might be a result of their higher level of activation. These data also confirmed our previous findings suggesting that major alterations in T and B cell populations occurred at days 20 and 60 p.i., inasmuch as CD4 ϩ CD62L low and CD45R ϩ IgG ϩ cell percentages were similar to controls at days 120 and 200 of infection.
Protective immunity against a secondary parasite challenge at different times after untreated and drug-treated P. chabaudi malaria
To evaluate the protective immunity in untreated and drug-treated mice, half of the animals were challenged at days 20, 60, 120, and 200 p.i. where parasitemias were determined in the subsequent days. At day 200 p.i., a few mice from each group was also challenged with parasites from a late isolate, which was obtained during the ascending parasitemia of mice inoculated with blood samples of 25-day infected drug-treated mice. For groups challenged from days 20 to 120 p.i., untreated and drug-treated mice were very efficient in controlling parasite growth, and parasitemias remained under 0.3% of erythrocytes (Fig. 3) . However, at day 200 p.i., there was a significant decrease in the protective immunity of untreated and drug-treated mice with parasitemias ranging from 1 to 5% of erythrocytes between days 1 and 5 after secondary infection. A similar phenomenon was observed when mice were challenged at day 200 p.i. with the late parasite isolate. However, in this case, parasitemias were slightly higher compared with those of mice reinfected with conventional parasites, a phenomenon that could be explained by the switch to a novel phenotype according to parasite Ags expressed on the erythrocyte membrane (29) . In summary, our results have shown that the capacity to control parasite growth declines with a similar kinetic in untreated and drug-treated mice.
Parasite recognition by specific IgG2a and IgG1 Abs obtained at different times after untreated and drug-treated P. chabaudi malaria
To determine to what extent the loss of full protective immunity observed at day 200 p.i. in untreated and drug-treated mice is determined by a decline in humoral immunity, we compared the levels of specific IgG2a and IgG1 Abs in the serum at days 20, 60, 120, and 200 after infection. Fig. 4A shows that specific IgG2a serum levels increased until day 120 p.i. in untreated and drugtreated groups, but were significantly higher at all time points in mice subjected to the lower parasitemias. Moreover, whereas for drug-treated mice, the specific IgG2a titers remained high at day 200 p.i. ( p Ͼ 0.05, compared with day 120 p.i.), a substantial decrease was observed in untreated mice ( p Ͻ 0.05, compared with day 120 p.i.). The IgG1 serum levels were very low during the whole period for both groups of infected mice (see data from day 0 in Fig. 6B ).
To confirm that untreated mice had a lower capacity to sustain the humoral response, a flow cytometry assay was developed to compare the ability of sera from mice at day 200 p.i. to recognize intraerythrocytic parasite Ags. In this assay, schizontinfected erythrocytes were fixed, permeabilized, stained with YOYO-1 (a dye for nucleic acid), and then incubated with serum samples (diluted from 1/100 to 1/1600) followed by an anti-mouse IgG2a developing Ab. As shown in dot blots from Fig. 4B , at a 1/100 dilution, sera from 200 day-infected untreated and drug-treated mice recognized fixed YOYO-1 ϩ PRBC with a similar intensity. However, after serum titration, higher reactivity was observed in serum samples from drugtreated mice, being the mean fluorescence intensity of IgG2a Abs bound to YOYO-1 ϩ fixed PRBC comparable when serum samples from untreated and drug-treated mice were diluted to 1/100 and 1/1600, respectively. Furthermore, the possibility that serum IgG2a from drug-treated mice was able to recognize a larger range of parasite Ags expressed on the erythrocyte surface was supported by data showing that the percentages of nonpermeabilized PRBC labeled by these Abs (diluted 1/100) were two times higher compared with those of untreated mice ( p Ͻ 0.01; Fig. 4C ).
T cell response to infected erythrocytes at different times after untreated and drug-treated P. chabaudi malaria
As the loss of full protective immunity at day 200 p.i. could not be explained by the specific IgG serum levels, we then compared the T cell response to PRBC in untreated and drug-treated mice at days 20, 60, 120, and 200 after infection. Unexpectedly, for both infected groups, the proliferative response of CD4 ϩ cells, which was considerably high at day 20 p.i., decreased progressively with time such that at day 200 p.i. it was indistinguishable from that of control mice (Fig. 5A ). This phenomenon was also observed for CD8 Differences between untreated and drug-treated mice were only statistically significant for CD4
ϩ cells analyzed at day 60 p.i., with higher values being recorded for mice subjected to a controlled infection. However, it should be considered that at day 20 p.i. the T cell numbers per spleen were more than 2-fold higher in drugtreated mice than in untreated mice, which would lead to significantly higher numbers of PRBC-responding T cells per spleen compared with untreated mice. Regarding the cytokine profile of PRBC-stimulated spleen cells, TNF-␣ and IFN-␥ reached maximum levels in both infected groups at days 20 and 120 p.i., respectively, decreasing thereafter (Fig. 5B) . IL-5 was only detected at day 20 p.i., with the same occurring for IL-4 which showed concentrations of around 30 pg/ml for untreated and drug-treated mice (data not shown). Statistically significant differences between the infected groups were restricted to TNF-␣ production at day 60 p.i., with a higher amount being detected in cell supernatants from drug-treated mice.
One possible explanation for the reduction in PRBC-stimulated T cell proliferation with time after infection could be a gradual decrease in the APC functions. To clarify this issue, T cells from day 20 p.i. were cultured along with APCs from day 200 p.i., and vice versa, in the presence of PRBC. As shown in 
Immune response to parasite challenge at different times after untreated and drug-treated P. chabaudi malaria
To understand how untreated and drug-treated mice manage to control parasite challenge at different times after the primary infection, we also analyzed several immunological parameters 15 days after reinfection. The percentage of CD45RB high cells within CD4 ϩ CD62L low cells is an interesting parameter because it reflects the reactivation of experienced/memory CD4 ϩ cells. Data in Fig. 6A show that the CD4 ϩ CD62L low CD45RB high cell percentage and spleen weight had parallel kinetics. Thus, huge spleen and CD4 ϩ CD62L low CD45RB high cell responses were observed 15 days after the secondary infection in 20-day infected drug-treated mice, whereas these parameters were already increased before challenge in 20-day infected untreated mice and no significant change occurred thereafter. At day 60 p.i., however, parasite challenge induced just slight increases in the spleen weights and CD4 ϩ CD62L low CD45RB high cell percentages of both infected groups. Moreover, at later times p.i., no response to challenge was observed in untreated and drug-treated mice.
A different scenario was observed for the B cell response, in which increases in CD45R ϩ IgG ϩ cell percentages occurred across all groups of challenged mice, with differences between untreated and drug-treated mice being detected only in 20-day infected mice. Accordingly, the levels of specific IgG2a Abs were significantly increased in sera from untreated and drug-treated mice from days 5 to 15 after reinfection, with higher amounts being attained in animals challenged at days 120 and 200 p.i. (Fig. 6B) . In most time points after secondary challenge, higher IgG2a levels were detected in drug-treated mice compared with untreated mice. The specific IgG1 response was only detected in mice reinfected at days 120 and 200 p.i., with differences between untreated and drug-treated groups occurring in animals challenged at day 200 p.i. where untreated mice showed a lower response. The fact that Ab responses show better boosting if the secondary challenge occurs more than 60 days after the primary infection has important implications for the dosing schedule of vaccines designed to induce humoral immunity.
Requirement of memory CD4 ϩ T cells for specific Ab production and protection against P. chabaudi challenge
The preceding results have shown that the protective immunity and T cell response to parasites decline with time, but the ability to produce specific IgG2a and IgG1 Abs is maintained or even improved at later periods after primary infection. To determine whether memory CD4 ϩ T cells are required for humoral response and protection against parasite challenge, adoptive transfer experiments were performed using CD28 Ϫ/Ϫ mice as recipients. The rational behind using this experimental model was based on previous results showing that CD28 Ϫ/Ϫ mice infected with P. chabaudi control the acute phase parasitemia, but fail to generate memory T cells and to produce parasite-specific IgG Abs (28) . Due to the incapacity to develop acquired immunity, CD28 Ϫ/Ϫ mice have higher chronic phase parasitemia, which remains oscillatory for Ͼ3 mo. The fact that the main deficiency in these mice is associated with memory cells make this model suitable to determine the mechanisms involved in long-term protective immunity to P. chabaudi. In these experiments, CD28
Ϫ/Ϫ mice were injected PRBC on the same day of transference. Concerning specific serum Abs, the transfer of total and CD4 Ϫ cells from untreated mice to CD28 Ϫ/Ϫ mice resulted in IgG2a and IgG1 production, which was detected for the first time at day 14 p.i. (Fig. 7A) . At this point, the two groups of adoptively transferred mice had similar amounts of IgG2a and IgG1 in the sera, but at later periods after transfer, significantly lower levels were observed in mice receiving CD4 Ϫ cells. Furthermore, when these mice were cured with chloroquine and then challenged with parasites, a higher IgG2a response occurred in mice reconstituted with total cells. Low IgG levels were also detected at days 28 and 35 p.i.
in CD28
Ϫ/Ϫ mice that received total cells from noninfected (control) mice, whereas nontransferred mice and mice receiving CD4 Ϫ (control) cells were negative for both IgG isotypes throughout the whole experiment.
For the primary infection, a delay of 1 day in the first parasitemia peak was observed in CD28 Ϫ/Ϫ mice reconstituted with total and CD4 Ϫ cells from noninfected (control) mice, whereas a 2-day delay occurred in animals reconstituted with one of the two cell populations from untreated mice (Fig. 7B) . In addition, CD28
Ϫ/Ϫ mice receiving total cells from untreated mice showed a significant lower first parasitemia peak compared with those mice that received CD4 Ϫ (untreated) cells ( p Ͻ 0.01). Although all of the animals were able to control the first parasitemia peak, none of them succeeded in eliminating the parasites up to day 35 p.i. when they were cured by chloroquine treatment. Following reinfection, recrudescent parasitemia peaks were again observed in nontransferred CD28 Ϫ/Ϫ mice, while the animals reconstituted with total cells from untreated and control mice showed full control of parasite growth. This finding is of particular interest because these mice had very different serum levels of specific IgG2a and IgG1 Abs. In contrast, CD28
Ϫ/Ϫ mice receiving CD4 Ϫ cells showed a detectable parasitemia peak that was significantly lower when the cells came from untreated mice ( p Ͻ 0.05).
Taken together, these results indicate that CD4 ϩ cells obtained at day 200 p.i. helped to maintain the serum levels of specific IgG2a and IgG1 Abs and to generate a secondary B cell response against the parasite. Moreover, they suggest that these CD4 ϩ cells contributed toward the protective immunity against P. chabaudi through a mechanism that is, at least in part, independent of the humoral response.
Comparison of B cells from 200-day infected untreated and drug-treated mice according to the capacity to produce specific IgG2a and IgG1 Abs and to mediate protection against P. chabaudi challenge
Given that untreated and drug-treated mice had different serum levels of specific Abs, subsequent experiments were performed to compare CD45R ϩ spleen cells from 200-day infected untreated and drug-treated C57BL/6 mice in relation to the ability of transferring the capacity to CD28 Ϫ/Ϫ mice of producing specific IgG2a and IgG1 Abs and of controlling the parasite challenge. To confirm the involvement of CD4 ϩ T cells in the humoral response of untreated and drug-treated mice, CD28 Ϫ/Ϫ mice were also reconstituted with total cells from each group. Fig. 8A shows that IgG2a was initially detected at days 14 and 21 p.i. in CD28 Ϫ/Ϫ mice reconstituted with total cells from untreated and drug-treated mice, respectively. Most importantly, until day 35 p.i. and after reinfection, CD28 Ϫ/Ϫ mice receiving total cells from drug-treated mice showed higher IgG2a serum levels than those mice that received total cells from untreated mice ( p Ͻ 0.05, for all time points). Furthermore, in CD28 Ϫ/Ϫ mice reconstituted with purified CD45R ϩ cells, IgG2a levels were statistically different from those in nontransferred mice only when transferred cells were taken from drug-treated mice. A small increase in these levels was observed after parasite challenge ( p Ͻ 0.1, compared with 35-day infected unchallenged mice). Similar results were obtained for specific IgG1 serum Abs, with titers ranging from 1/450 to 1/600 and undetectable to 1/50 in CD28 Ϫ/Ϫ mice receiving total and CD45R ϩ cells of untreated mice and from 1/850 to 1/1350 and 1/200 to 1/450, when these cells were taken from drug-treated mice, respectively (data not shown). For the whole experiment, there were no statistically significant differences between specific IgG2a and IgG1 levels of CD28 Ϫ/Ϫ mice reconstituted either with total or CD45R ϩ cells from control mice in comparison to nontransferred CD28 Ϫ/Ϫ mice. As shown in Fig. 8B , analysis of the first parasitemia peak showed a comparable scenario for CD28 Ϫ/Ϫ mice reconstituted with cells from untreated and drug-treated mice, with a 1-day delay being evident in mice receiving CD45R ϩ cells, a phenomenon also observed for animals receiving control cells, and a 2-day delay along with a significant lower peak in mice receiving total cells ( p Ͻ 0.05, compared with all other transferred groups). In addition, after chloroquine treatment and reinfection, the performance was again similar for CD28
Ϫ/Ϫ mice reconstituted with cells from untreated and drug-treated mice, in that mice receiving CD45R ϩ cells showed a small but evident parasitemia peak and infected erythrocytes were rarely detected in mice receiving total cells. Concerning control groups, it was remarkable that, similar to the experiment shown in Fig. 7 , two prominent parasitemia peaks were observed after parasite challenge in nontransferred CD28 Ϫ/Ϫ mice, yet only one prominent peak was detected in mice reconstituted with CD45R ϩ cells from noninfected mice while very low parasitemias were found in animals reconstituted with total cells from noninfected mice.
In conjunction, these results have shown that B cells from 200-day infected drug-treated mice have an improved capacity to produce specific IgG2a and IgG1 Abs compared with B cells from 200-day infected untreated mice, but this better response does not result in higher protection. These data also corroborate the notion that T cells from day 200 p.i. contribute toward protecting mice against P. chabaudi challenge, with a similar efficiency in untreated and drug-treated mice, and through an effector mechanism not exclusively associated with their ability to help B cells to produce specific Abs.
Discussion
Previous studies have shown that limited exposure to P. chabaudi malaria induces prominent cell-mediated immunity associated with T cell protection from apoptosis. In the present study, T and B cell compartments were analyzed over a period of 200 days in C57BL/6 mice subjected to untreated or drug-treated P. chabaudi infection. According to this study, T cell apoptosis controls the increase in spleen CD4
ϩ and CD8 ϩ cell populations upon the acute infection but does not impair the generation of memory T cells with specificity for the parasite. We have also demonstrated that B cells from mice subjected to controlled P. chabaudi malaria have a long-lasting improvement in their capacity to produce specific IgG2a and IgG1 Abs. Even so, the loss of full protective immunity to P. chabaudi malaria is not influenced by the acute phase parasite load nor by the serum levels of specific IgG Abs, but appears to be a consequence of the progressive decline in the memory T cell response to parasites that occurs similarly in untreated and drug-treated mice with time after infection. Furthermore, in the adoptive transfer experiments, we confirmed the major role of CD4 ϩ T cells for guaranteeing long-term full protection against P. chabaudi malaria.
The present study has confirmed the notion that high-dose parasite Ag during the acute P. chabaudi infection induces T cell apoptosis associated with a delay in the expansion of splenic T cell populations (30) . However, according to our study, this process does not impair the generation of memory CD4 ϩ and CD8 ϩ T cells with specificity for the parasite. This conclusion is based on data showing that, at day 20 p.i., the T cell proliferation and cytokine secretion in response to infected erythrocytes are intense and comparable in both untreated and drug-treated mice. Thus, even if a fraction of specific T cells is eliminated by apoptosis during the acute infection, as previously described in mice receiving T cell lines recognizing Plasmodium berghei, Plasmodium yoelli, and P. chabaudi parasites (19 -21) , a proportion of the cells remain alive and may contribute toward generating the pool of memory CD4 ϩ and CD8 ϩ T cells. Moreover, considering the in vitro and in vivo T cell responses to the parasite, the memory T cell pool attains a similar size in untreated and drug-treated mice at later periods after the acute disease. The cytokine profile is also indistinguishable in the two infected groups with production of comparable amounts of IFN-␥, TNF-␣, IL-5, and IL-4 at most analyzed time points. Furthermore, the adoptive transfer of spleen cells from untreated and drug-treated groups to infected CD28 Ϫ/Ϫ mice results in a small but significant reduction in the first parasitemia peak, which reaches similar values and is mediated by CD4 ϩ T cells regardless of their origin. Another relevant contribution of this work is to demonstrate that the specific B cell response is compromised over an extended period of time in mice subjected to high-dose parasite Ags at early P. chabaudi infection. This conclusion is supported by the analysis of serum IgG2a and IgG1 recognizing parasite extracts and infected erythrocytes and also by experiments with adoptively transferred B cells. The data showing higher percentages of nonpermeabilized PRBC being recognized by the sera of 200-day infected drugtreated mice, in relation to Abs generated in untreated mice, indicate that IgG2a produced under these conditions has specificity for a greater range of parasite Ags expressed on the membrane of infected erythrocytes, which could include molecules created through antigenic variation (29) . In contrast, the concept that a lower acute phase parasite load determines a general improvement in the humoral response is corroborated by data at day 200 p.i. showing 16 times more serum IgG2a recognizing permeabilized PRBC in drug-treated mice. Furthermore, the adoptive transfer experiments suggest that mice subjected to a controlled P. chabaudi infection contain significantly higher numbers of specific B cells per spleen on day 200 p.i. than untreated mice. Although these results seem to conflict with those reported by Pombo et al. (31) showing the absence of specific Abs after a controlled P. falciparum infection, it is worth noting that, in this case, human volunteers were treated with a curative drug schedule immediately after parasite inoculation, leading to ultralow doses of Ag that may have been insufficient to induce the humoral response. In agreement with our results, an improvement of the specific-IgG2a secondary response to P. chabaudi has been previously observed in CB6F1 mice treated with chloroquine when parasitemias reached 1-10% of erythrocytes (32) .
The persistent lower levels of specific IgG2a Abs found in the serum of untreated mice do not appear to be a consequence of an indiscriminate B cell apoptosis since, in contrast to T cells, the acute phase parasite load does not interfere with the increase in B cell numbers per spleen or in the percentages of experienced (sIgG ϩ ) B cells. However, a delayed increase in the splenic CD4 ϩ T cell population, as observed in 20-day infected untreated mice, could compromise B cell clonal expansion and affinity maturation. Beside this possibility, the higher amounts of immune complexes generated during the untreated infection could inhibit acute phase Ab production with long-term consequences for humoral response, a mechanism known to be mediated by Fc␥IIb receptors expressed in B cells (33) . Alternatively, the competition for appropriate survival niches among plasma cells originated during polyclonal lymphocyte activation and through the affinity maturation process, a phenomenon that might be more intense in untreated mice, could damp down the production of specific IgG Abs (34) . Another feasible explanation is that the untreated infection reinforces the activity of regulatory T cells, a cell population that increases during acute P. chabaudi malaria (C. A. Zago and M. R. D'Império Lima, unpublished observation) and which is known to control the humoral response (35) .
Another important contribution of this study is the evidence that the T cell response to infected erythrocytes progressively declines over time after P. chabaudi infection. This has been observed in vitro by analyzing PRBC-stimulated CD4 ϩ and CD8 ϩ T cell proliferation and in vivo by evaluating the expression of CD45RB in CD4 ϩ CD62L low T cells stimulated by secondary parasite challenge. Moreover, the parallel behavior of spleen weight and CD4 ϩ CD62L low CD45RB high T cells raises the hypothesis that the spleen response is governed by T cells or, alternatively, that both processes are regulated by common mechanisms, such as those coordinated by APCs. The possibility that dendritic cells from P. chabaudi-infected mice had gradually adopted a regulatory pattern can be inferred from data showing that P. yoelli-infected PRBC induce a shift in the cytokine profile of LPS-stimulated dendritic cells from IL-12 to IL-10 (36). However, our experiments with T:APC cocultures demonstrate that T cell proliferative unresponsiveness at day 200 p.i. is not due to down-regulation of APC functions, leaving as putative explanations for this phenomenon a progressive reduction in the frequency of specific CD4 ϩ and CD8 ϩ T cells or a gradual increase in their regulation. Although the massive T cell apoptosis during the untreated acute infection does not impair the generation of memory T cells, it is possible that continuous Ag-induced CD4 ϩ and CD8 ϩ T cell death in consequence of chronic parasitemia results in the gradual decrease of the T cell response observed in untreated and drug-treated mice. It should be noted, however, that CD4 ϩ T cells from day 200 p.i. still retain the capacity to help B cells to produce specific IgG2a and IgG1 Abs, as revealed by the adoptive transfer experiments.
Finally, our results indicate that the progressive decline in the memory T cell response to parasites with time after infection is the main cause of the loss of full protective immunity to P. chabaudi malaria. This conclusion is supported by the following considerations. First, the efficiency in controlling parasite growth is reduced in untreated and drug-treated mice at day 200 p.i. when the T cell proliferative response and production of inflammatory cytokines reach minimal levels. Second, T cells are always required to achieve complete control of parasite challenge in adoptive transfer experiments. Third, in many situations, serum levels of specific IgG Abs do not correlate with the capacity to restrain the parasite growth. This is clearly demonstrated in CD28 Ϫ/Ϫ mice receiving total spleen cells from noninfected C57BL/6 mice. Although these cells provide full protection against a secondary infection, the specific-IgG serum levels are significantly lower than those found in CD28 Ϫ/Ϫ mice receiving CD4 Ϫ or CD45R ϩ spleen cells from untreated or drug-treated mice in which protection to challenge is incomplete. Another example of this lack of correlation is the observation that untreated and drug-treated mice differ in terms of specific IgG2a and IgG1 Abs, including those recognizing the PRBC surface, but have a very similar behavior concerning the ability to eliminate the challenge with an early or a late parasite isolate. A discrepancy between protection and humoral response was also reported in the study by Pombo et al. (31) in which human volunteers were capable of achieving a sterile immunity against P. falciparum malaria apparently by a cell-mediated immune response in the absence of detectable levels of specific Abs. In contrast, mice with very recent or current low-level chronic infections with P. chabaudi maintain a better protective immune response to challenge than drug-cured animals, even though the parasite persistence does not substantially affect either longevity or avidity of the Ab responses (23) .
Taking these results together, we conclude that the loss of full protective immunity to P. chabaudi malaria is not determined by the acute phase parasite load nor by the serum levels of specific IgG Abs, but is largely due to the incapacity of infected mice to maintain the pool of memory T cells with potential to mediate an effector response against the parasite. The requirement of the Th1-immune response to achieve protection during the chronic phase of P. chabaudi infection has been previously described (26) . Although these authors attributed the inefficiency of mice lacking IL-12 to control parasitemia to the predominance of IgG1 over IgG2a, this study analyzed only the first month of infection when the immune system is activated due to parasite persistence. In contrast, our data suggest that CD4 ϩ T cells are essential to ensure full protection against a secondary challenge and their lack compromises parasite control even in the presence of specific IgG2a and IgG1 Abs. It is also important to note that the decrease of protective immunity in untreated and drug-treated mice was only observed at day 200 p.i., when the parasite had already been eliminated as suggested by studies in which blood samples were transferred to immune-deficient mice (23) . Thus, it is likely that several months after disease remission, when the activation of the immune system had already returned to its basal level, the production of proinflammatory cytokines would be necessary to ensure full protective immunity, which might be achieved even in the presence of low levels of specific Abs. If this were the case, the goal of maintaining a large pool of effector-memory T cells in Plasmodium-immunized individuals should be pursued to allow sterile immunity and blockade of parasite transmission.
We believe that this analysis will help further understanding as to why the protective immunity to human malaria is so rapidly lost, knowledge that can help improve our strategies for vaccine development.
